Kawah Kamojang, Indonesia) • EvEm though liquid-dominated reservoirs are much more m.unerous, the vapor-dominated systems are more easily exploited and currently provide the main source of geothermal electric power. After much controversy in the earlier literature ( suriunarized e.g. by Truesdell. and White, 1973) , a consensus 'W!ls reached that most of the ~ss reserves in a vapordominated geothermal reservoir are in place in liquid form (Marconcini et. al., 1977) , i This is Usually conCluded on the basis of total cunulative production in fields· like Larderello; Italy, or The Geysers, California, wich would require onreasonably large reservoir thickness if the fluids are asstm1ed to be stored in the form of steam (James, 1968; Nathenson, 1975; Weres et al., i977 ) .
There is still considerable uncertainty as to where exactly the liquid water res ides, and how much liquid is . present in the re~;~ervoir (We res et al. , 1977; Celati 'et al., 1979) . Virtually all wells in Larderello and at The Geysers produce saturated or slightly superheated steam, with no dir~ct evidence· for the presence of liquid water in the reservoir. White, Muffler, and Truesdell ( 1971) have proposed a general conceptual 100del of vapor~dominated reservoirs ~ich postulates the existence of liquid water dispersed throughout the reservoir; as -we 11 as a deep 'WElter table, presunably containing rather saline brine. While there is s~e indication that deep -wells may have penetrated· a zone· approaching hydrostatic pressure gradients in Larderello, there is no evidence for a deep water· table at The Geysers in the published literature.
Further elaborating on. their model, Truesdell and .White ( 1973) Similar estimates have been made for The Geysers reservoir (Dykstra, 1981) .
Significantly higher water saturations· are excluded: because reservoir pressures are controlled by steam (vapor-static) • It is generally accepted that the residual immobile saturation for liquid water is in the range of 30% -50%, and this is considered an upper limit for the dispersed water saturation in a vapor-dominated reservoir. If water saturation were to significantly exceed this value, water .would become mobile and would preslDllably tend to establish a hydrostatic rather than a vapor-static pressure gradient. However, there appears to be a general agreement that liquid water is somewhat mobile, providing for a steam/water counter flow mechanism which is a very effective means of transporting heat upwards under conditions of small vertical temperature gradients (Eastman, 1968) .
We find it difficult to accept water saturations as low as 30% to 50% for the natural state of a vapor-dominated reservoir, except in certain regions as e.g. near natural vents. Simulation studies using a realistic numerical model of a vapor-dominated reservoir have shown that water saturations are generally large, and .that the system tends to remain water saturated. at depth and near the margins (Pruess and Truesdell, 1980) . This 1s consistent with geochemical -4 -evidence for vaporization and ccmdensation processes in Lar9erello and at The Geysers ( D' Amore and Truesdell, 1979 may be signiqcantly l,arger. than ,was believed p~eviously.
'i
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The Concept of Lnniting Effective Permeability
Consider a two-phase-mixture of water and steam flowing 1n a homogeneous porous medium. Ignoring gravity effects for the. moment, the mass flux for phase a can be written (please see "Notation" for explanation o{ symbols):
Variations in pressure and temperature are related by the Clapeyron equation:
.
•. (hv -h 1 )
Therefore, there is a one-to-one correspondence between mass flux and the conductive heat flux given by:
The conductive heat flux effectively gives rise to an increase 1n flowing enthalpy of the two-phase mixture, causing part or all of the liquid to vaporize and possibly to acquire superheat. The fraction of liquid flux vaporized is:
Where we have defined a limiting effective permeability, dependent upon heat conductivity and temperature, as: 
a;:+pig.
.. -:.-•.
:t . .
... 
At typical conditions of K = 4 W/moc, T = 240 oc, we have klim = 5.27 x 10-18 m2.
In Figure 2 we have plotted SR. as a function of k, from eq. (8), for Corey-type relative permeability functions with residual inunobile water saturation SJI.r in the range from 10% to 50% (Faust and Mercer, 1979 ). It has long been recognized in the literature that capillary forces will tend to hold liquid water in smaller pores (Truesdell and White, 1973) ,
Whereas vapor will occupy the larger pores and fractures. The discussion of Section 2 suggests W\y liquid cannot be present in the vertical fractures:
in order to enter vertical fractures from the low-permeability rock matrix, liquid flow has to have a horizontal (pressure driven) component, and is then subject to flashing by conduction. Therefore, gravitational drainage is governed by the small vertical matrix permeability, W\ile vertical upflow of steam has the much larger permeability in the fractures available. Thus, it is not necessary to invoke relative permeability effects and a nearly immobile liquid water saturation to explain Why vertical permeability for vapor will be much larger than that for liquid (condition ( i), above) 1n reservoirs with predominantly vertica.l fracture orientation, such as The
Geysers (Lipman et al., 1977) .
In order to assess W\ether typical vertical heat fluxes of vapor-dominated systems are sufficient to maintain steam/wter counterflow for a highly mobile liquid phase (Si, ki + 1), we need to quantitatively examine the applicable permeability constraints. The condition for "balanced" (no net mass transport)
steam/water counterflow is:
...
• From Darcy's law including gravity effects (replace Vp with Vp-Pa ~in eq. (1)) we obtain a relationship between vertical pressure gradient dp/dz and the ratio of vertical permeabilities for liquid and vapor:
The upward convective heat flux is:
Data published by Ramey (1968) indicate that the vertical heat flux near the sur face can be as large • as 4 Wfm2 :in some areas of The Geysers.
Ass\Dlling a value. of q = 4 W/m2 for· the convective heat, flux resulting from steam/water;. counterflow, lie use eq,. ( 12) to compute the required vertical permeability k2kv for vapor as a function of vertical, pressure gradient dp/dz. In Figure 3 we have plotted k2kv for T = 240 °C against the "excess" vertical pressure gradient y, expressed in units of the vapor-static gradient We have also plotted the vertical permeability k1kt for liquid from eq. ( 11).
This is nearly independent of pressure gradient as long as the gradient (absolute value) is much sma,ller than the hydrOstatic yalue PR.g. The vertical liquid permeability 1S 40 X 10-18 m2 ( = 40 microDarcies)' wich appears to be a Figure 4 ). This reservoir model is similar to the one employed by and Root in their well-known double-porosity model (Warren and Root, 1963 Boiling of this water will create large temperature gradients which may persist over long periods of time, since conductive thermal equil~bration is a slow process.
For purposes of numerical simulation, it is necessary to subdivide a flow domain into volume elements, or grid blocks, within each of which there must be approximate thermodynamic equilibrium at all times. Only if this condition is met is it possible to associate average temperatures and pressures with each grid block, and to express interblock (fluid and heat) flows in terms of these averages. In order to obtain a suitable,computational mesh for a . fractured porous medium, .it is important to note that variations 1n thermodynamic conditions will be much less pronounced in the direction of a fracture than perpendicular to it. It is therefore a good first approximation to assume that thermodynamic conditions will depend only upon the distance from the nearest fracture. Therefore, we shall subdivide the flow domain into computational volume elements in such a way that all interfaces between volume " -13 -elements are parallel to the nearest fracture. This gives r1se to a pattern of neste-d volume elements as shown in Figure 5 , with each element having a definite thermodynamic state assigned to it. Numerical simulation of fluid and heat flow in such a system of nested volume elements, or interacting con'tinua, is most conveniently made within the-framework of an integral finite difference formulation (iFD) (Narasunhan, 1980). The required geometrical information--element volumes, interface areas, and nodal distances--is generated by'·~ pre-proce'ssor program from a specification of widths, orientations, and spacings of fracture sets. \ohile the calculations presented below employ a regular fracture network for convenience ( F~gures 4 and 5), the method can be generalized, to .arbi.trary assemblages of, fractures W\ich may be-described in a statistical fashion.
• . 3:·.
We shall now introdu~~ a generalization, within the context of a regular fracture network, Wiich considerably enhances scope and applicability of the tational mesh for a fractured reservoir. The first step, is to. construct a.
mesh just as would be done for a porous-medium type system, with small grid blocks near wells, etc. The second step'is to sub-partition each grid block into several continua, the respective volumes, interface areas, and nodal distances of lohich are obtained by appropriate scaling from the quantities -14 -pertaining to the basic fractured unit. 
Simulation of Production from a Fractured Two-Phase Reservoir
We have implemented the MINC-method as discussed above in conjunction with our two-phase, non-isothermal geothermal reservoir simulator SHAFT79 (Pruess and Schroeder., 1980) . The method was validated by comparison with the model of Warren and Root, lo.hich is contained within the general MINC framework as a special case.. Subsequently, ·several simulations of two-phase flow to a well penetrating .a fractured reservoir were ·carried out.
Previous application of numerical simulation techniques to fractured geothermal-reservoirs were reported by M:>ench and coworkers ( 1978, 1979, 1980) . We have a~tempted to model the interaction between reservoir matrix and fractures in a more realistic way, with conceptual model and parameters chosen -15 -to be applicable to steam wells at The Geysers reservoir. This field has excellent horizontal permeability, but core analysis seems to indicate that most fractures are nearly vertical (Lipman et al.; . We have . idealized this situation by introducing three orthogonal sets of equidistant fractures as indicated in Figure 4 . Modeling of such a system with the conventional simply connected volume. elements would require a prohibitively large number of grid blocks, and therefore the MINC-method with nested volume elements is used. Also, -we allow. for liquid water to be mobile in the matrix and in the .fractures.
Counsil and Ramey (1979) have carried out relative permeability experiments from which they obtain a residual nmmobile liquid saturation as large as Str = . 7. However, their method' of analysis ( Arihara, 1974) appears to neglect the enhancement of effective flowing enthalpy due to heat conduction, as discussed in section 2. This approximation would tend to underestimate liquid flow, and therefore give too large values for Str· We consider
Counsil and Ramey's value of Str ~ .4 as determined from an isothermal gas-water flow experiment more realistic. In the simulations -we use Corey-type relative permeability curves (eqs. 9a-c) with Str = .3, Ssr = .OS.
Published reservoir data for The Geysers are not plentiful, but the information given by Ramey (1968), Lipman et al., (1977) , and Dykstra (1981) is sufficient to define a representative case. The parameters used in the calculations are summarized in Table 1 . We are mainly interested in comparing production enthalpies for fractured and porous medium-type conditions in the presence of mobile water. Enthalpy transients and the occurrence of superheated steam depend· strongly on flow rates and pressure gradients in the vicinity of the well, so that it is nnportant to have a realistic description of effective weUbore radius (skin). All conunercial wells at The Geysers intersect one or several major fractures, giving rise to negative skin values and large -16 -effective wellbore radii. We have adopted parameters similar to those obtained by Koenig and Sanyal (1981) from pressure transient tests for two typical Geysers wells. We include a realistic storage volume for the wellbore, in order to avoid early· time transients resulting from the mathematical artifact of a step rate change in flow at the sandface.
Fracture spacing was chosen to be D = 50 m in all calculations, W1ich
we believe to be representative of conditions at The Geysers, based on typical numbers of steam entries in·wells (Dykstra, 1981) . Fracture width o is then determined from the total required permeability-thickness product according to:
The factor 2 appears because, due to the presence of three orthogonal fracture sets, there are two fracture sets available for flow in any given direction.
The permeability of an individual fracture is related to its width by the well known relation (Witherspoon et al., 1980) :
In constrast to Moench et al. (1978 Moench et al. ( , 1979 Moench et al. ( , 1980 Figure 5 . . Thus, the matrix acts as a "one-way street" for fluid and heat flow, with all flow occurring outward into the fractures as production causes pressures and temperatures to decline in the fractures. It is possible to generalize this scheme and to permit -18 -throughflow through the matrix, but we believe that the restriction to one-way flow as shown in Figure 6 is adequate for the present problem. It is to be noted that vertical fluid and heat flow are neglected in our .model, e~cept for flow betwen matrix and fractures. This approximation appears justified, because gravity effects and vertical heat flow will tend to compensate each other, so that our chosen initial conditions will be dynamically stable.
We have investigated three cases with a rock matrix permeability of lo-15 m2, lo-16 m2, and lo-17 m2, respectively. These values are believed to be applicable to The Geysers. With smaller matrix permeability, the processes become more and more confined to the vicinity of the fractures, requiring a larger number of nested volume elements with small volume fractions near the fractures. Some experimentation was required to obtain a gridding which would give adequate spatial resolution without excessive computing costs.
Discussion
The fractured reservoir calculations were compared with those for a uniform porous medium having the same permeability x thickness product.
Calculations fot a relatively low initial water saturation of St = 50%, corresponding to a relative permeability kt = .009, showed that superheated conditions are approached rapidly in all cases. Subsequently we investigated the case with St = 70%, corresponding to kt = .143, which we believe more representative of previously unexploited deeper horizons at The Geysers.
Results for the change of production enthalpy and.temperature with time are given in Figures 7 and 8 .
The fluid mass contained in the wellbore can sustain the applied produc~ tion rate for.780 seconds, so that the responses of the various fractured and porous medium-type reservoirs do not become markedly different until after this time has elapsed. Subsequently, the fractured reservoirs display a more rapid in.crease in produced enthalpy; while declining more rapidly in temperature. This behavior is a consequence of the small mass reserves in the fractures, which tend to become rapidly depleted, causing liquid saturation to decline and enthalpy to rise. Boiling of water is initially confined to the i~ediate vicinity of the fractures, causing a more rapid temperature decline.
The production-induced pressure drop diffuses rapidly outward in the fracture system, providing for a larger fracture/matrix interface area through which an increasing share of the fluid produced from the fractures can be replenished by leakage from the matrix.
This prevents the fractures from drying up in the cases with k = lo-15 m2, and k = lo-16 m2, and a steam/water mixture continues to be produced. For the low matrix permeability of k = 10-17 m2, .however, the fractures are depleted rapidly, giving rise to superheated conditions. Enthalpy and temperature continue to increase slowly after superheated conditions are reached (t = 1200 seconds). This is in agreement with the analysis of section 2: fork= 10-17 m2 the effective permeability for water is ktk = .143 x lo-17 m2 < klim =
.527 x lo-17 m2, so that the two-phase flow into the fractures occurs with an enthalpy in excess of that of saturated steam, even though liquid water is mobile. For the two cases with larger matrix permeability we have ktk > klim' so that the fractures are not expected to dry up. The case with a large matrix permeability of k = lo-15 m2 shows an interesting behavior at later times, when the produced enthalpy actually drops below that of the uniform porous medium case. This shows that the. fractures have an ample supply of fluid from the matrix, but their heat supply is limited. In contrast, in the case with k = lo-17 m2 the fractures are low on fluid but have plenty of heat supply available. It appears that, due to the fractured nature of the reservoir, the low matrix permeability of lo-17 m2 is quite sufficient to sustain the applied realistic production rate.
-20'-Unfortunately, we have not tieen able to run this latter case further out in time, due to excessive computing costs. Production causes the superheated steam zone to expand rapidly in the fractures (and slowly into the matrix), giving rise to repeated phase transitions with highly transient flows at the steam/two-phase 'interface. These transients occur in elements with very small volumes, which severely limits attainable throughputs and time ste~s.
Conclusions
The following conclusions may be drawn from this study~
1.
For flowing steam/water mixtures there exists a one-to-one correspondence between pressure and temperature 'gradients, which increases the effective 'flowing enthalpy due to conductive heat transfer.
2.
If the effective permeability for liquid flow (absolute permeability x relative permeability) drops below a limiting permeability klim' steam , will be produced even when liquid water is mobile and flowing. klim 4. Simulation studies demonstrate that, under conditions applicable to The
Geysers vapor-dominated reservoir~ the matrix-fracture interaction can
• " -21 -provide a mechanism by which superheated steam is produced from a reservoir with a large water content and a mobile liquid phase. This observation suggests that vapor-dominated geothermal reservo1rs may contain significantly larger fluid reserves than was believed previously.
5.
A multiple interacting continuum method (MINC) has been shown to be a powerful tool for simulating thermal processes in fractured reservoirs.
More work needs to be done to improve computational efficiency for problems which involve highly transient flows near propagating phase fronts.
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